Lateral inhibition is critical for cell fate determination and involves the functions of Notch (N) and its effectors, the Enhancer of Split Complex, E(spl)C repressors. Although E(spl) proteins mediate the repressive effects of N in diverse contexts, the role of phosphorylation was unclear. The studies we describe implicate a common role for the highly conserved Ser/Thr protein kinase CK2 during eye and bristle development. Compromising the functions of the catalytic (a) subunit of CK2 elicits a rough eye and defects in the interommatidial bristles (IOBs). These phenotypes are exacerbated by mutations in CK2 and suppressed by an increase in the dosage of this protein kinase. The appearance of the rough eye correlates, in time and space, to the specification and refinement of the 'founding' R8 photoreceptor. Consistent with this observation, compromising CK2 elicits supernumerary R8's at the posterior margin of the morphogenetic furrow (MF), a phenotype characteristic of loss of E(spl)C and impaired lateral inhibition. We also show that compromising CK2 elicits ectopic and split bristles. The former reflects the specification of excess bristle SOPs, while the latter suggests roles during asymmetric divisions that drive morphogenesis of this sensory organ. In addition, these phenotypes are exacerbated by mutations in CK2 or E(spl), indicating genetic interactions between these two loci. Given the centrality of E(spl) to the repressive effects of N, our studies suggest conserved roles for this protein kinase during lateral inhibition. Candidates for this regulation are the E(spl) repressors, the terminal effectors of this pathway.
Introduction
Animal development is predicated upon signaling pathways that drive cell fate determination with remarkable spatial and temporal precision. These pathways are highly conserved and reiteratively utilized in diverse developmental programs. An example is the Notch (N) pathway whose activities regulate the development of sensory organs such as the eye and bristles, and during myogenesis, oogenesis, etc. (for reviews, see (Artavanis-Tsakonas et al., 1999; Lai, 2004; Mumm and Kopan, 2000) ). This pathway consists of the receptor N, its ligands Delta (Dl) or Serrate (Ser), its mediator, the transcription factor encoded by Suppressor of Hairless (Su(H)), and its final effectors, the E(spl) repressors. The E(spl)C encodes seven basicHelix-Loop-Helix (bHLH) proteins (Mb, Mc, Md, M3, M5, M7, M8) and the non-bHLH protein Groucho (Gro) (Delidakis and Artavanis-Tsakonas, 1991; Hartley et al., 1988; Klambt et al., 1989; Knust et al., 1992; Schweisguth and Posakony, 1992) .
The roles of N have been intensively studied during Drosophila neurogenesis, a process that leads to the stereotyped patterning of sensory organs, the bristles (macrochaetes) and the compound eye (reviewed in Baonza and Freeman, 2001; Bray, 1997; Campos-Ortega, 1997) . The onset of neural development is characterized by the expression of the bHLH transcription factors (proneural activators) encoded by the achaete-scute complex (ASC) and atonal (ato) (Heitzler et al., 1996; Jarman et al., 1995; Jarman et al., 1994; Modolell and Campuzano, 1998; Skeath and Carroll, 1991) . The expression of these activators occurs in groups of cells, the proneural clusters (PNCs), and this expression serves to maintain neural competency (reviewed in Calleja et al., 2002; DamblyChaudiere and Vervoort, 1998; Gibert and Simpson, 2003) . However, from each PNC only a fixed number of cells go on to adopt the neural fate, while others are redirected away from this cell fate. This selection process is initiated when one cell of a PNC gains an advantage over its neighbors because it expresses the highest levels of ASC or Ato. This cell is destined to become the SOP, and it, in turn, inhibits other cells of the PNC from adopting the neural fate. This process, involving N, has been termed lateral inhibition (Lehmann et al., 1983; Simpson, 1990) . Specifically, the cell destined to become the SOP expresses Dl which activates N in other cells of the PNC (non-SOPs). Activated N is cleaved and its intracellular domain (N ICD ) converts Su(H) from a repressor into an activator enabling transcription of E(spl)C (Bailey and Posakony, 1995; Lecourtois and Schweisguth, 1995; Schrons et al., 1992) . The E(spl) repressors (in a complex with Gro) then antagonize the proneurals activators (ASC, Ato) and prevent non-SOP cells from adopting the neural (SOP) fate; in the case of the bristle this is the epidermal fate. In the SOP, however, the high levels of ASC do not lead to transcription of E(spl)C due to the repressive effects of Su(H) in combination with H, CtBP, and Gro (Castro et al., 2005; Hinz et al., 1994; Koelzer and Klein, 2003; Kramatschek and Campos-Ortega, 1994; Singson et al., 1994) . SOP selection also involves the functions of senseless (sens), a zinc-finger transcription factor (Jafar-Nejad et al., 2003) . As a result, lateral inhibition amplifies the neural (SOP) versus non-neural dichotomy in time and space. Consistent with this, overexpression of ASC/ato or loss of N signaling (N, Su(H), E(spl)C) skews the balance in favor of the SOP fate, and manifests as ectopic bristles (neural hyperplasia) (Campos-Ortega, 1998; Skeath and Carroll, 1991) . In contrast, overexpression of E(spl) or loss of ASC/ato antagonizes the SOP fate, and manifests as neural hypoplasia (bristle suppression) (Giebel and Campos-ortega, 1997; Nakao and Campos-Ortega, 1996; Tata and Hartley, 1995) . The distinction between neural versus non-neural cell-fates is not the only function of N. For example, during macrochaete development, the SOP undergoes two asymmetric cell divisions to generate four cell types (socket, bristle, sheath and neuron), a process that also involves N and E(spl). Interference with N or E(spl) functions after SOP selection thus skews these fates, and elicits missing or split bristles (reviewed in Bray, 1997 ; Campos-Ortega, 1997 and see Section 3).
The stereotyped patterning of the eye also involves reiterated N signaling. Retinal histogenesis initiates in the third larval instar when the first neurons, the R8's, are specified in the eye imaginal disc (Jarman et al., 1994) . Because the specification of all other cell types depends on signals from the R8 cell, it is called the 'founding' photoreceptor. The specification of R8's occurs in a wave of differentiation, the morphogenetic furrow (MF), that sweeps across the eye disc (Wolff and Ready, 1991a) . During this process, the epithelium is transformed into a hexagonal array of ommatidia, each derived from a 'founding' R8. In this context, biphasic N functions, separated by time and space, are required for R8 specification (Ligoxygakis et al., 1998) . At the anterior margin of the MF, N elicits ato expression in groups of cells akin to PNC's. This phase of N is E(spl)-independent (Baker et al., 1996) . At the posterior margin of the MF, N mediates expression of E(spl) which restrict Ato to a single cell from each cluster and this cell goes on to become the R8 photoreceptor. However, unlike the bristle, in the eye the remaining cells of this group are transiently blocked from the neural fate, thus allowing for their subsequent recruitment as secondary (R1-R7) photoreceptors. In addition to R8's, lateral inhibition by E(spl) is required during other steps of retinal patterning, and the specification of the IOB's whose developmental pathway shares many, but not all, of the genetic determinants that also specify the macrochaetes (Cadigan et al., 2002; Cadigan and Nusse, 1996; Cagan and Ready, 1989b; Frankfort et al., 2004) .
In spite of an immense body of evidence on N signaling, it had remained unknown if lateral inhibition by E(spl) proteins is regulated and, if so, by what mechanism(s). Our previous studies had implicated the Ser/Thr protein kinase, CK2, as a regulator of E(spl). Specifically, we had shown that a variant of E(spl)M8 that replaced Ser 159 , the CK2 phosphoacceptor, with the 'phosphomimetic' amino acid Asp (UAS-m8SD) generated an eye-specific dominant allele that mimicked (the reduced eye of) E(spl)D, an allele of the m8 gene (Karandikar et al., 2004) . However, no allele-specific bristle defects were associated with these phosphorylation site variants. These results were enigmatic because the resolution of PNC's (SOP selection) during bristle patterning (lateral inhibition) employs mechanisms that are similar to those in the eye. Because a balance between proneurals and neurogenic proteins is crucial for proper neural patterning, we elected to directly address the role of this protein kinase in the eye and bristle.
We have compromised CK2 functions by two methods; UAS-RNAi against the catalytic subunit of this enzyme (CK2a), or UAS-Tik encoding a dead catalytic subunit that behaves as a dominant-negative (CK2-DN, (Lin et al., 2002; Rasmussen et al., 2005) ). We show that compromising CK2 by either approach elicits neural defects in the eye and bristle that are akin to those upon loss of E(spl). Furthermore, these phenotypes are exacerbated by mutations in CK2a or E(spl), providing evidence in favor of an interaction between these two loci. These neural defects reflect the specification of supernumerary 'founding' R8's and bristle SOPs, both characteristic of impaired lateral inhibition. These studies provide the first direct link between CK2 and neurogenesis and suggest a more general role for this enzyme in lateral inhibition.
Results

Role of CK2-mediated phosphorylation of E(spl)M8
We have previously reported studies implicating CK2 as regulator of E(spl)M8 in eye development (Karandikar et al., 2004) . Our analysis of (UAS) constructs of E(spl)m8 that harbor alterations of the CK2 phosphoacceptor, Ser 159 , suggested a role in the eye (Fig. 1A, inset) . Specifically, the 'phosphomimetic' variant, m8SD, elicited a severely reduced eye, reflecting attenuated R8's due to exacerbated antagonism of Ato. Similar eye defects are seen with E(spl)D, an allele of m8, that encodes a truncated protein known as M8* , leading us to suggest that phosphorylation augments repression by E(spl)M8. In contrast, no allele-specific effects were found in the bristle upon (mis) expression of UAS-m8, -m8SA or -m8SD. This result was surprising because resolution of PNC's by lateral inhibition is similar in the eye and bristle (Fig. 1B and C) , in that it , the CK2 phosphorylation site (SDCD), the deletion in E(spl)D (M8*) is indicated. Eye phenotypes have been described previously by others and us (Karandikar et al., 2004; . Superscripts 1-4 indicate conditions leading to ommatidial defects. requires E(spl)C. How might one reconcile an eye-specific role for CK2? In the eye, recruitment of secondary R-cells (R1-R7), which is dependent on the 'founding' R8's, is completed in the third instar eye disc. In contrast, bristle SOP's are specified in the third instar wing disc, but their divisions and differentiation only occur in the pupal stage. We had speculated that while phosphorylation might allow for a rapid onset of M8 repressor activity, dephosphorylation following R8 refinement would avoid a protracted block of the neural fate, thus enabling recruitment of other R-cells. The possibility thus arose that this requirement for CK2 reflects intrinsic differences in the eye versus bristle, or is a limitation of analysis of ectopically (Gal4-UAS) expressed E(spl) proteins. We considered the latter possibility more likely since proper neural patterning depends on a balance between E(spl) and ASC/Ato. To avoid skewing this balance, we compromised CK2 functions in the wild type, with the prediction that this should afford a precise and direct assessment of the roles of CK2 in the eye and the bristle. This approach was predicated on our observation that CK2 is expressed ubiquitously in the eye and the wing discs (data not shown).
CK2-RNAi or CK2-DN perturb eye and bristle development
We have employed two approaches to compromise the catalytic subunit of CK2 (CK2a), i.e., RNA-interference (RNAi) and dominant-negative (DN) constructs. Our choice of these two approaches was based on the absence of conditional alleles or regulators of CK2a, and the difficulty of generating mitotic clones given that CK2a is centromere-linked, plays critical roles in the cell cycle and is required for cell-viability (Lin et al., 2002; Pinna, 2002) . We employed two constructs to target CK2a. These are, UAS-CK2a-RNAi (referred to as CK2-RNAi) and UAS-Tik that was based on an allele of CK2a, called Timekeeper (Tik). Tik was identified in a screen for dominant modifiers of the circadian clock, and in a heterozygous condition displays no overt neural abnormalities apart from the clock defect (Lin et al., 2002) . Tik harbors two substitutions, M 161 K and E 165 D. The former substitution resides in the ATP-binding pocket (Niefind et al., 2001) , blocks nucleotide-binding and thus eliminates catalytic activity (Lin et al., 2002; Rasmussen et al., 2005) . As a result, Tik homozygotes are lethal. The UAS-Tik construct was thus based on the expectation that ectopic Tik would incorporate into the endogenous CK2 holoenzyme, the heterotetramer of CK2a and the regulatory subunit CK2b (Glover et al., 1983) , and dominantly block functions, i.e., a UAS-Tik is a CK2-DN. We note that the holoenzyme is required for proper CK2 function in vivo (Jauch et al., 2002) .
We elected to first use scaGal4 because this driver enables the simultaneous analysis of bristles and eyes. scaGal4 is active in neural precursors in the embryo, in PNC's in the imaginal discs, in SOP's and later in the lineage of the external sense organs, and in the MF of the eye disc (Nakao and Campos-Ortega, 1996) . As expected, the Gal4 driver or the UAS-lines (CK2-RNAi or UAS-Tik) did not exhibit any eye or bristle abnormalities (Fig. 1D , E and data not shown). Surprisingly, expression of CK2-RNAi or UAS-Tik by scaGal4 did not perturb the eye (Fig. 1F , F 0 , and data not shown), but led to subtle, yet reproducible, defects in patterning of the IOBs (Fig. 1F 0 ). This was not due to non-functional CK2-RNAi or UAS-Tik constructs, because these flies exhibited defects in bristle patterning ( Fig. 1G and see below) . To test the possibility that the wild type eye reflected insufficient knockdown of CK2, we increased the dosage of scaGal4 and/or the CK2-RNAi insertions. We, however, found no ommatidial defects with 2 · scaGal4 + 2 · CK2-RNAi (data not shown), conditions that led to more severe bristle defects such as ectopic, split and missing, than those associated with 1 · scaGal4 + 1 · CK2-RNAi ( Fig. 1G and H). Such a split bristle phenotype is not observed with homozygous scaGal4 or CK2-RNAi stocks.
CK2-RNAi or CK2-DN lead to a rough eye phenotype
Given the dynamics of retinal patterning and the domain of scaGal4, we thought that a number of reasons might underlie the unperturbed eye. First, retinal (R8) patterning initiates in the MF (Treisman, 2004; Voas and Rebay, 2004; Wolff and Ready, 1991a) . Second, expression of scaGal4 is restricted to cells at stage 2/3 of the MF ( Fig. 2A ), where refinement of R8 'founders' occurs (reviewed in Hsiung and Moses, 2002) . Third, because retinal histogenesis proceeds approximately one column of ommatidial founders (R8's) every two hours (Ready et al., 1976) , scaGal4 mediated 'knockdown' might be delayed (hysteretic) relative to the time/space (the MF) where E(spl) mediates R8 refinement. To uncover a role in the eye, it might thus be necessary to drive expression anterior to the sca domain (the MF). In the case of CK2-RNAi, this would permit turnover of endogenous CK2 to a rate-limiting level, whereas in the case of UAS-Tik, it would allow for accumulation of inactive CK2a and 'poisoning' of the holoenzyme. We thus conducted analysis with Gal4 drivers whose expression patterns relative to the MF are well defined. These are, hGal4, eyGal4, hthGal4, tshGal4, E(spl)Gal4, and gmrGal4 ( Fig. 2A) .
We find that eye defects are uncovered only when CK2-RNAi or UAS-Tik are expressed with eyGal4 (Fig. 2B ). These include a rough eye and defective patterning of IOBs, both restricted to the posterior of the eye field (Fig. 2C , C 0 , and F). It is important to note that in the case of eyGal4 + UAS-Tik, the perturbed eye was manifest at 29°C ( Fig. 2F ), but not at 24°C (data not shown), presumably reflecting increased expression. No such defects are associated with individual stocks, the corresponding controls (Figs. 1E and 2I), or when eyGal4 + CK2-RNAi crosses are carried out at 18°C (see Fig. 3 , inset). Because UAS-Tik did not appear as effective as CK2-RNAi, all further analysis was conducted with the latter construct. We next sought to determine if expression anterior to the MF with hthGal4 and tshGal4 also elicits eye defects. However, expression of CK2-RNAi with both drivers was lethal at 18/24°C (Fig. 2B ), presumably reflecting greater developmental expression ( Fig. 2A and (Bessa et al., 2002) ). Expression of CK2-RNAi in the MF with E(spl)Gal4 or posterior to it with gmrGal4 did not elicit any ommatidial/IOB defects ( Fig. 2B) , suggesting that the rough eye with eyGal4 + CK2RNAi might not be due to a general 'sickness' of the eye disc.
CK2-RNAi effects are exacerbated by Tik and suppressed by increased dosage of CK2a
We next sought to confirm that the rough eye due to RNAi was target (CK2) specific. We thus conducted studies in a CK2 mutant background (Tik/+), with the expectation that exacerbation of the rough eye would provide evidence for specificity. We find that unlike the posterior restriction with CK2-RNAi alone, the rough eye encompasses virtually the entire eye field when eyGal4 drives CK2-RNAi in a Tik/+ background (compare Fig. 2C and D). In addition, these eyes displayed fused ommatidia (Fig. 2D 0 ) and patterning of the IOBs was more severly affected (compare Fig. 2C 0 and D 0 ). The ectopic IOBs are also characteristic of impaired lateral inhibition, and are in agreement with our studies on bristle patterning (see below). We do note that the eye field is slightly reduced in eyGal4/CK2-RNAi; Tik/+ animals. None of these phenotypes are associated with Tik/+ animals or other control combinations ( Fig. 2G and I ), suggesting that endogenous levels of CK2 are not rate-limiting (in the eye) and are specific effects of the Tik allele. We also tested whether the CK2-RNAi effects can be suppressed by the simultaneous expression of a UAS-CK2a construct. This appears to be the case. A simultaneous increase in the dosage of CK2a reverses the effects of CK2-RNAi, wherein the hexagonal packing of the ommatidia and the patterning of the IOBs now appear virtually identical to the wild type (compare Fig. 2C 0 and E 0 ). By itself, overexpression of CK2a does not lead to any eye defects (Fig. 2H) , confirming that CK2a levels are not rate-limiting in this tissue. Together, these results suggest that the ommatidial and IOB defects of CK2-RNAi are target (CK2) specific.
Given the exacerbated effects of Tik, we next sought to determine whether this allele might provide a sensitized background, one where scaGal4 + CK2-RNAi now elicits an eye defect. However, no eye defects were observed in scaGal4/ + CK2-RNAi/Tik flies, even though these displayed bristle abnormalities that were unique to this combination (Fig. 2I, and see below) . It thus appears that for scaGal4 the absence of an eye defect reflects expression in the MF, and this is overcome by the more anterior expression with eyGal4. We also tested for heteroallelic interactions, but find no eye defects in Tik/E(spl)D flies (Fig. 2I) . 
The rough eye correlates to the onset of R8 patterning
While the rough eye of CK2-RNAi could reflect compromised lateral inhibition during R8 refinement, it could as well reflect indirect effects because this phenotype was uncovered when it was expressed anterior to the MF with eyGal4. This was a possibility since eyGal4 is active earlier in development, and we thus sought to assess the phenocritical period. For this, we have taken advantage of the observation that the eye defects of eyGal4 + CK2-RNAi are temperature dependent, rough at 24°C, but not at 18°C (Fig. 2C and inset in Fig. 3 ). Thus crosses were established at 18°C, and vials were shifted to 24°C at four time periods after egg laying (AEL). Each temperature shift lasted for 24 h, following which vials were returned to 18°C until eclosion. The four periods were chosen relative to the onset of R8 patterning (oRP) at 186 h AEL (Kumar and Moses, 2001) . A schematic of these temperature shifts is shown in Fig. 3A -D, and the eye phenotypes are depicted in Fig. 3A 0 -D 0 . We find that temperature shifts at 150-174 or 216-240 h do not perturb the eye (Fig. 3A 0 and D 0 ), suggesting that CK2-RNAi effects do not persist for long periods (P12 h), perhaps, due to continuous synthesis of new CK2. In contrast, a temperature shift from 192 to 216 h, that overlaps the oRP (at 186 h), elicited a rough eye (Fig. 3C 0 ). However, temperature shifts at 168-192 h did not elicit an eye defect, even though it overlapped oRP by 6 h (Fig. 3B  0 ) . In this case, a likely reason for the wild-type eye is that CK2-RNAi effects are hysteretic, and the refractory period represents the time required for turnover of CK2 protein to a rate-limiting level. Given the temporal dynamics of retinal patterning, i.e., one column of R8's every 2 h (Wolff and Ready, 1991a) , we estimate that the hysteretic period for CK2-RNAi is roughly 4-6 h, and this probably accounts for the inability of scaGal4, E(spl)Gal4 or hGal4 to elicit a perturbed eye (Fig. 2B) . Examination of Fig. 3C 0 supports this reasoning, because ommatidia display the normal hexagonal pattern for 2-3 rows at the posterior margin and the anterior half of the eye (Fig. 3C 0 , asterisks), with roughening restricted to the posterior (dotted circle in Fig. 3C 0 ). Thus the rough eye correlates to the onset of retinal(R8) patterning.
Compromising CK2 elicits supernumerary R8's in the MF
We reasoned that the rough eye due to CK2-RNAi (Figs. 2C and 3C 0 ) might reflect altered patterning of R8's due to impaired lateral inhibition. In this regard, it is important to note that ato, the proneural for R8 cells, is expressed as a broad stripe at stage 1 of the MF ( Fig. 2A , (White and Jarman, 2000) ). This broad expression of ato is mediated by N in an E(spl)-independent manner (Ligoxygakis et al., 1998) . By stage 2/3, N elicits E(spl) expression, which then antagonize Ato to mediate lateral inhibition and refinement of the R8's (see Fig. 2A ). As a result, by stage 4, the 'founding' R8's are identifiable as precise phase-shifted Ato-positive cells. Moreover, this phasing, which dictates the hexagonal patterning of the adult eye, is highly sensitive to mutations in E(spl)m8, i.e., the classical severe reduced eye of N spl /Y; E(spl)D/+ flies . Given that M8 is phosphorylated by CK2 (Trott et al., 2001) , we sought to assess whether the rough eye (of CK2-RNAi expressing flies) reflected defects at this critical step in retinal histogenesis. Crosses were established at 24°C, and eye discs from late third instar larvae were immunostained for Ato. While discs derived from CK2-RNAi larvae (Fig. 4A ) or eyGal4 alone (data not shown) exhibited a wild type pattern, discs derived from eyGal4 + CK2-RNAi larvae displayed supernumerary R8's at the posterior margin of the MF (Fig. 4D) . This phenotype is characteristic of impaired lateral inhibition during R8 refinement, and has been unambiguously demonstrated in clones lacking E(spl)C or Su(H) (Ligoxygakis et al., 1998) , or upon ectopic expression of a UAS-ato construct (White and Jarman, 2000) . The extra R8's in the CK2-RNAi discs are not due to generalized hyperactivity of ato at stage 1 (akin to ato overexpression), because the R8 equivalence groups do not appear to be perturbed. Moreover, CK2-RNAi discs stained for the R8 marker, Sens (reviewed in Jafar-Nejad and Bellen, 2004), exhibit supernumerary Sens-positive cells (compare Fig. 4B and E) , evidence that the extra Ato-positive cells do, in fact, differentiate into R8 photoreceptors. Consistent with this, double staining against Sens + ELAV displayed photoreceptor clusters containing two Sens-positive cells (data not shown).
R8 patterning defects are not due to apoptosis
Given the role of CK2 in the cell cycle (Hanna et al., 1995; Pepperkok et al., 1994) , we sought to confirm that the R8 patterning defects in CK2-RNAi discs were not a consequence of apoptosis due to a block in the cell cycle. Staining with Acridine Orange demonstrates that the pattern of apoptosis in discs expressing CK2-RNAi (Fig. 4F ) appears similar to discs harboring (but not expressing) the CK2-RNAi construct (Fig. 4C) , or those derived from eyGal4 alone (data not shown). Furthermore, disc size was unaffected (Fig. 4C and F) . A low level of apoptosis is characteristic of eye discs at this developmental time point and has been well documented by others (Cagan and Ready, 1989a; Miller and Cagan, 1998; Wolff and Ready, 1991b) . Thus the R8 patterning defects are not the consequence of general 'sickness' due to a defect in the cell cycle or apoptosis.
Compromising CK2 leads to bristle abnormalities
As stated above, expression of CK2-RNAi or UAS-Tik by scaGal4 elicited bristle abnormalities. This result would suggest that the functions of this protein kinase might also apply to lateral inhibition during bristle SOP selection, a process mechanistically similar to that of the 'R8's in the eye, with respect to the nexus between E(spl) and ASC. We therefore sought to better define the nature of the bristle defects, with the expectation that commonalities in these two developmental contexts would make the roles of this enzyme more general than previously envisioned. We thus employed a number of Gal4 drivers that have been extensively used for bristle patterning. These are the scaGal4, G455.2 and E(spl)Gal4. We find that CK2-RNAi expression with all three drivers elicits ectopic bristles (Fig. 5) , whereas the Gal4 drivers or CK2-RNAi or UAS-Tik insertions, by themselves, did not display any bristle defects (data not shown). Expression of CK2-RNAi by scaGal4 elicited ectopic bristles on the scutellum, and virtually identical results were observed upon expression of UAS-Tik (Fig. 5A, B) . Flies expressing CK2-RNAi or UAS-Tik typically displayed 5.0 ± 0.01 bristles on the scutellum, a number significantly higher than that in the scaGal4 insertion (4.1 ± 0.02). Similar results were obtained upon CK2-RNAi expression by the G455.2 insertion (Fig. 5C ), whose expression domain is restricted to the scutellum (Giebel and Campos-ortega, 1997 ). In contrast, CK2-RNAi expression by E(spl)Gal4 led to the severest bristle defects which included the scutellum and the thorax (Fig. 5D) .
We next employed an anti-Achaete (Ac) antibody to confirm that ectopic bristles reflect an increase in the SOP's in the wing disc. This study was based on the observations that PNC's that give rise to macrochaetes are characterized by unique positions, size and shapes of clusters, and time of specification (reviewed in Simpson et al., 1999) . Consistent with the bristle defects, discs expressing CK2-RNAi display an increased number of Ac-positive cells in a position that corresponds to the scutellar clusters (Fig. 5E, F) . Thus compromised CK2 favors the SOP fate, a phenotype that mimics loss of E(spl)C. These results suggest that this enzyme also plays a role during lateral inhibition amongst PNC's in the bristle.
Tik exacerbates the bristle defects of CK2-RNAi
We next sought to confirm that the ectopic bristles reflect compromised CK2 functions by testing for modulation of this phenotype by mutations in CK2. For this, we employed two alleles of CK2a, Tik and TikR (Lin et al., 2002) . As mentioned above, Tik is a CK2-DN allele. In contrast, the revertant allele, TikR, deletes 7 amino acids and replaces Arg 242 with Glu, in addition to the two original mutations seen in Tik. Thus, TikR is also likely catalytically inactive, but the deletion perturbs protein folding Fig. 4 . Compromising CK2 elicits supernumerary R8's. Eye discs of the indicated genotypes were isolated and processed as described. A-C are discs harboring, but not expressing, the CK2-RNAi construct, whereas D-F are discs where CK2-RNAi was expressed by eyGal4 (eyG). Immunostainings were conducted using a-Atonal (A, D), a-Senseless (B, E), and Acridine Orange (C, F). Posterior is to the right in each panel. Supernumerary R8's posterior to the MF are indicated by arrowheads in panel D. Only the relevant area of the eye disc is shown for a-Ato and a-Sens immunostainings. Arrowheads in C and F denote the MF. and prevents TikR from 'poisoning' endogenous CK2. We note that Tik/+ or TikR/+ flies do not display any bristle defects (Fig. 6G) .
We find unique bristle defects when scaGal4 drives CK2-RNAi in a Tik/+ background. These are, split bristles and branching of the shaft cell (Fig. 6A, A 0 ). Neither phenotype is seen in the Gal4 or UAS stocks, or in other control combinations (Figs. 6G) . While a split bristle is characteristic of impaired lateral inhibition, the 'branched' bristle might represent defects in shaft cell morphogenesis. Similar defects have been reported upon expression of UAS-m8 after SOP specification (Tata and Hartley, 1995) or in a 'gain-of-function' screen utilizing scaGal4 and the insertion line EP(3)0596 that interacts genetically with H (Abdelilah-Seyfried et al., 2000). While a mechanism for the 'branched' shaft in either instance remains to be defined, it is conceivable that in our case this reflects defects in cytoskeletal polarity due to a lower threshold of CK2 that is conferred by the (dominant) Tik allele. This interpretation would be consistent with just such a role (for CK2) in budding and fission yeast (Rethinaswamy et al., 1998; Snell and Nurse, 1994) , and that altered cytoskeletal polarity elicits branched bristles in the fly ( (Geng et al., 2000) , and references within). In contrast, no split or 'branched' bristle defects are seen in scaGal4/ + ; CK2-RNAi/TikR flies (Fig. 6B) . In this case, the ectopic bristles presumably reflect the baseline defects of scaGal4 + CK2-RNAi (Fig. 5A) . Allele-specific enhancement thus argues for a direct role for CK2 in the bristle lineage as well. One mechanism to account for the exacerbation (of bristle phenotypes) by Tik was that CK2 activity was decreased to an extent greater than that with CK2-RNAi alone. If this was the case, could this effect be mimicked by increasing the dosage of the CK2-RNAi construct. We find that expression of two copies of the CK2-RNAi construct also elicits 'branched' bristles ( Fig. 6C and C  0 ) . Given that the 'branched' shaft is found by two independent routes, argues against the possibility that this is due to a secondary mutation in the Tik chromosome or is a mere artifact. On the contrary, it might reflect different thresholds of residual CK2 activity. To address the issue of thresholds of CK2 and the bristle phenotypes, we increased the dosage (2· each) of scaGal4 and CK2-RNAi, and find that the bristle phenotypes are more in line with defects in lateral inhibition. These are ectopic, split and missing macrochaetes (Fig. 6D) . Occasionally split microchaetes were also observed (data not shown), as have also been shown upon ectopic expression of UAS-m5 (Tata and Hartley, 1995) . SEM analysis of two closely placed bristles, one endogenous and one ectopic (Fig. 6E  0 ) indicates that both contain a socket cell, and their adjacent placement suggests impaired lateral inhibition during SOP selection. In contrast, the split bristle (Fig. 6E) is reminiscent of those in N spl /Y; E(spl)D/+ flies , and is likely to reflect altered sister cell fates, i.e., socket to shaft transformation (Fig. 1C) . On the other Fig. 5 . Compromising CK2 elicits bristle patterning defects. The effect on bristle development was assessed following expression of the UAS-CK2-RNAi or a CK2-DN (UAS-Tik) constructs with scaGal4 (A, B), G455.2 (C), E(spl)Gal4 (D). Arrows denote ectopic bristles. Wild-type and CK2-RNAi expressing wing discs were immunostained using a-Achaete (E, F). Dotted circles denotes the scutellar PNCs, and the arrow in F denotes ectopic Ac-positive cells.
hand, the missing bristle and its replacement by epidermal tissue (Fig. 6D ) has been described previously for loss of function mutations in the E(spl)C, and might have arisen due to a defect in the division of the SOP into pIIa and pIIb sister-cell fates (Fig. 1C) .
CK2 genetically interacts with E(spl)D
We next sought to assess whether the bristle defects of CK2-RNAi are exacerbated by mutations in E(spl), as this would provide evidence for genetic interactions between these two loci. We elected to use the E(spl)D allele (Welshons, 1956 ), because this is the most restricted lesion in the E(spl)C and, most importantly, is one that mutates the m8 gene, whose product is a CK2 target. We find that split bristles are elicited when scaGal4 drives CK2-RNAi in an E(spl)D/+ background (Fig. 6F) , while none of the relevant controls display such defects (Fig. 6G) . Thus the split bristle is only observed upon an increased (2·) dosage of the scaGal4 and CK2-RNAi or when CK2-RNAi is expressed in an E(spl)D/+ background ( Fig. 6D and F) . These results suggest that the effect of a double dose of CK2-RNAi is (pheno)mimicked by E(spl)D, providing genetic evidence that supports the interaction of these two (CK2-M8) proteins.
Discussion
Lateral inhibition during eye and bristle development
Neurogenesis reflects the outcome of a complex balance between the activities of transcription factors that favor this cell fate (ASC/Ato) and those that oppose it (E(spl)). It is increasingly apparent that formation of the eye and bristle are predicated on a similar mechanistic framework, even though the proneurals that participate in these two developmental programs are distinct. For example, the PNCs in the eye (the R8 cell) require ato, while those in the bristle (macrochaetes and IOBs) require ASC (reviewed in Calleja et al., 2002; Gibert and Simpson, 2003; Hsiung and Moses, 2002) . Nevertheless, one common feature of the resolution of PNCs in the eye and the bristle is the centrality of E(spl)C, since loss of E(spl)C leads to exaggerated neurogenesis in both contexts (reviewed in Campos-Ortega, 1997). In the eye it leads to excess R8's, rough eyes, and duplicated IOBs, while in the bristles this manifests as ectopic, split and missing bristles. Extensive analyses have identified the genes involved with these developmental programs, the feedback loops that reinforce proneural expression in R8's/SOPs, and the role of E(spl)C for lateral inhibition (see Section 1). In contrast, it has remained unclear how phosphorylation contributes to the dynamics of this process.
It has been thought that transcription of E(spl) was, by itself, necessary and sufficient for lateral inhibition. This model emerged from studies on bristle development, where ectopic E(spl) proteins extinguished the SOPs, whereas loss of E(spl) favored this cell fate (reviewed in Bray, 1997; Campos-Ortega, 1997) ). This model, we suggest, needs qualification because similar outcomes have not been recapitulated in the eye. In this context, loss of E(spl) demonstrably compromises lateral inhibition and elicits excess R8's (Ligoxygakis et al., 1998) . However, ectopic expression of E(spl) members does not block the R8 fate, and consequently the eye displays the normal hexagonal packing of the ommatidia; the only defect is loss of the IOBs whose developmental program bears similarities to that of the macrochaetes (Karandikar et al., 2004) . In contrast, R8 formation is blocked by the truncated M8* protein encoded by the E(spl)D allele, or by the CK2 phophomimetic variant M8SD (Fig. 1A) . It is important to note that the eye defect of E(spl)D requires N spl , a recessive allele that attenuates ato, but not E(spl), expression (Baker et al., 1996) . The inability of M8* to recruit Gro, which compromises repression, thus necessitates a sensitized background, one conferred by N spl . Accordingly, M8SD (which binds Gro) elicits eye defects independent of N spl (Karandikar et al., 2004) . Based on the observation that both M8* and M8SD display exacerbated and equivalent interactions with Ato, we proposed that CK2 phosphorylation switches M8 into an active repressor by uncovering the Orange domain, and it is this regulation that is bypassed by the E(spl)D mutation (Karandikar et al., 2004) . Given that the Orange domain mediates binding to other proneurals as well, this regulation by CK2 should have been more general to lateral inhibition. The studies we report here suggest just such a role in the eye and the bristle.
Roles for CK2 during lateral inhibition
Our studies support the notion that CK2 is a participant in lateral inhibition. We have shown that compromising CK2 by a number of independent routes, i.e., in wild type and backgrounds mutant for CK2 and E(spl), elicits neural defects in the eye and bristle. These include rough eyes due to the specification of excess 'founding' R8 cells, and ectopic bristles (macrochaetes and IOBs) due to the specification of excess SOP's (Figs. 1, 2, 4, 5) . These phenotypes are hallmarks of impaired lateral inhibition, and have been previously described for loss of function of the E(spl)C (reviewed in Campos-Ortega, 1997). We also provide evidence for genetic interactions between CK2 and E(spl). While our studies provide multiple lines of evidence, the absence of suitable antibodies have precluded us from formally demonstrating that E(spl) repressors are, in fact, phosphorylated in cells undergoing lateral inhibition. Nevertheless, the congruence of our results utilizing CK2-RNAi or CK2-DN in conjunction with extant mutants and cell fate in imaginal discs, together, constitute a plausible argument supporting a role for this protein kinase.
Our studies also suggest secondary roles for CK2 in the bristle lineage. In contrast to R8 patterning, the roles of N and E(spl) are different during bristle morphogenesis. In the case of the macrochaete or the IOB, N and E(spl) are re-deployed following SOP selection (Fig. 7A) . Specifically, the SOP gives rise to the pI neuroblast that undergoes two asymmetric divisions to generate four cell types characteristic of the sensillum; socket, shaft, sheath and neuron (Fig. 7A) , and these divisions are dependent on N-and E(spl)-inhibitory signaling (Hartenstein and Posakony, 1990) . Thus loss of E(spl) following SOP selection manifests as split bristles (aberrant division of the pIIa cell) or missing bristles (aberrant division of the pI cell). The split bristles we describe (Figs. 1 and 6) thus suggest a role for CK2 during the socket-to-shaft sister cell fate (Fig. 7A) . In contrast, while the missing bristles (Fig. 6 ) suggest a role for CK2 during the pIIa-vs-pIIb fates (Fig. 7A) , this phenotype could result from loss of the SOP itself, a possibility if CK2 levels become rate limiting for cell division. Despite the fact that the timing of the asymmetric divisions of pI, pIIa and pIIb are well known (see Fig. 1C ), CK2-RNAi or CK2-DN are not suitable for dissecting the roles of CK2 at these later steps of bristle development. Conditional alleles of CK2, e.g., temperature-sensitives, will be necessary to better define its roles during specification of these sister-cell fates.
One major question that emerges from these studies is why is phosphorylation necessary, given that not all members of the E(spl)C are targets of CK2. We think that evolutionary principles, the diversities and/or affinities of interactions between E(spl)C and ASC/ato, and their spatial expression patterns, perhaps, offer insights.
A conserved role for CK2 in lateral inhibition
As stated above, of the seven E(spl) proteins, three (M8, M5, and M7) are targeted by CK2, and these are also the most closely related (Ledent and Vervoort, 2001; Massari and Murre, 2000) . Amongst all E(spl) members, two regions largely account for length heterogeneity and divergence (Delidakis and Artavanis-Tsakonas, 1991) . These are sequences between HLH and Orange and those between Orange and WRPW, the CtD (Fig. 7B) . However, within the CtD of M8 (and M5 and M7 as well) is a highly invariant sequence, the phosphorylation domain (P-domain) that harbors the CK2 site (Fig. 7B) . Given the phylogenetic relationships of these species (Beverly and Wilson, 1984) , it is noteworthy that over a period of 50 million years the P-domain and the CK2 site have been remarkably conserved. For example, of all M8 homologs, only D. pseudoobscura, D. grimshawii and D. hydei harbor a Glu residue, in place of Asp, at the n + 3 position of the CK2 phosphoacceptor. While we have not experimentally confirmed that these homologs are phosphorylated, the possibility is high because this change still conforms to the consensus (S/T-D/E-x-D/E) for recognition by CK2 (Kuenzel et al., 1987) . We note that the virtually identical consensus site that is present in mammalian Hes6 is, in fact, targeted by CK2 in vivo (Gratton et al., 2003) .
CK2 phosphorylation and protein-protein interactions
The mechanisms by which E(spl) proteins mediate repression have been intensely studied. In essence, E(spl) proteins repress ASC/Ato. Repression was initially thought to involve binding to a DNA sequence, the N-box (Jennings et al., 1999; Jimenez and Ish-Horowicz, 1997) . This, however, is not the case, because E(spl) proteins neutralized for DNA-binding still function as potent repressors (Giebel and Campos-ortega, 1997) . Furthermore, no N-box has been found in the regulatory region of ato (Sun et al., 1998) , while that in sc is dispensable for repression in non-SOPs (Culi and Modolell, 1998) . It is now thought that direct (protein-protein) interactions between E(spl) and proneurals are more critical for repression, the protein-tether model (Giagtzoglou et al., 2003) . In this model, repression by E(spl) occurs via direct interactions with enhancer bound proneurals, rather than by activator sequestration. This model is consistent with direct interactions between E(spl) and ASC/Ato proteins (Alifragis et al., 1997; Gigliani et al., 1996; . It was, in fact, the analyses of various binary combinations that were the first to suggest that these interactions are regulated and non-redundant, two aspects that appear relevant to our findings.
Analysis of M8 and its E(spl)D encoded variant, M8* provided the first hint that these antagonistic interactions are regulated. For example, reported that, in addition to Ato (see above), M8* interacts with a much higher affinity with Ac, Sc, and Ase (they did not test L'sc). We have described a similar case for M8SD, which interacts with Ato or L'sc with affinities significantly higher than M8 or its non-phosphorylatable variant M8SA ( (Karandikar et al., 2004) , and our unpublished data). It is noteworthy that phosphorylation of mammalian Hes6 by CK2 (Fig. 7A) is also a pre-requisite for its interactions with Hes1 (Gratton et al., 2003) . Thus CK2 phosphorylation influences antagonistic interactions between the E(spl) and the ASC/Ato. Because these studies have Fig. 7 . Roles for CK2 during lateral inhibition. (A) Schematic of selection of R8's/SOPs from proneural clusters and SOP lineages in the bristle. The R8/ SOP, which express high levels of the proneural proteins Ato or Ac, elicit inhibitory signaling via activation of Notch (white lines). Cells receiving this signal express E(spl) repressors, which redirect their cell fate away from the R8/SOP fate (shown in white). In the bristle lineage, the SOP gives rise to the pI neuroblast which divides asymmetrically to give rise to the second order precursors pIIa and pIIb. Division of the pIIa gives rise to the socket and shaft cells, while pIIb divides to generate a glial cell (not shown) and a third order precursor pIIIb. Finally, pIIIb divides to give rise to the neuron and sheath cells. These asymmetric divisions are also mediated through inhibitory Notch signaling (black lines) and involve the activities of E(spl) repressors. Steps requiring CK2 functions inferred from genetic analysis are shown in green letters, while blue letters denote steps where CK2 functions are predicted. (B) Schematic of the domains in E(spl)M8. The grey boxes denote linker regions, and the red box denotes the phosphorylation-domain (P-domain) that is conserved amongst M5/7/8 and harbors the consensus site for phosphorylation by CK2. Sequences are; mel, melanogaster; sim, simulans; yak, yakuba; ere, erecta; pse, pseudoobscura; gri, grimshawi; hyd, hydei. Nine amino acids have been omitted from human (h) or murine (m) Hes6 for clarity. The CK2 phosphoacceptor is shown in red and critical acidic residues that are required for phosphorylation are shown in green.
employed two hybrid, instead of direct protein, approaches the possibility that these are kinetic effects remains open. This interpretation is consistent with the observations that a 2· dosage of a UAS-md construct interferes with Ato and blocks eye development in the wild type (Ligoxygakis et al., 1998) , whereas that of m7, m5 or m8 requires N spl . Together, these findings argue that E(spl)-ASC interactions are of variable strengths and are isoform-specific (Alifragis et al., 1997) . Given that only a subset of E(spl) and ASC members are expressed in the eye and wing disc (Brand et al., 1993; Cooper et al., 2000; Cubas et al., 1991; Koelzer and Klein, 2003; Lecourtois and Schweisguth, 1995; Skeath and Carroll, 1991) , the possibility thus arises that distinct domains of ASC define sub-regions of the proneural field (reviewed in Gibert and Simpson, 2003) . In this context, E(spl) members might have been selected based on their affinities and/or specificities for these proneural factors. Thus the type of E(spl) repressors that are deployed might reflect the combinations and levels of proneurals, with CK2 playing an integrative role. The currently available techniques preclude a distinction between these possibilities.
It is presently unclear if/how CK2 activity is modulated during neurogenesis. Expression of this enzyme appears to be constitutive in the eye and wing disc ( (Karandikar et al., 2004) , and our unpublished data). Holoenzyme formation, proposed to be a dynamic process in vivo (Filhol et al., 2003) , represents an attractive regulatory mechanism, given that CK2b modulates substrate recognition and that the fly CK2b gene encodes for non-redundant isoforms of this regulatory subunit (Bidwai et al., 1993; Jauch et al., 2006) . Alternatively, CK2 might be regulated by assembly into multiprotein complexes and/or via interactions with protein phosphatases (Giot et al., 2003; Heriche et al., 1997) . Such a coordinated function has been described for regulation of Period, the central component of the circadian clock, by CK2 and the phosphatase PP2A (Lin et al., 2002; Sathyanarayanan et al., 2004) . Future studies aimed at the identification of protein phosphatase(s) that counteract the phosphorylation of E(spl)m8/ 5/7 by CK2, or multiprotein complexes containing E(spl) and/or CK2 will be required to better define the regulatory dynamics of this process during eye and bristle development.
Experimental procedures
Fly stocks
Flies were raised at 24°C on standard Yeast-Glucose medium or at 18°C when indicated. The Gal4 drivers were generously provided by other researchers or obtained from the Bloomington Stock Center (denoted by the prefix B). These drivers are; G455.2 (Giebel and Campos-ortega, 1997) , scaGal4 (Nakao and Campos-Ortega, 1996) , hGal4 (B1734), gmrGal4 (B1104), hthGal4 and tsh-Gal4 (Bessa et al., 2002) , eyGal4 (ey3.5-Gal4(II), B8220), and E(spl)Gal4 (B8225). Two different insertions of UAS-RNAi flies (gift of Rob Jackson), or UAS-Tik were used in these studies. The Tik and TikR alleles have been described (Lin et al., 2002) , as is the E(spl)D stock (B2447).
Fly crosses and phenotypes
All crosses were performed at 24°C, unless indicated otherwise. Fly heads were passed through a graded alcohol series for 24 h each (25-50-75-absolute). Finally, heads were passed through Hexamethyldisalizane, and mounted on EM stubs using carbon tape (Ted Pella). Fly heads were dried for 24 h, sputter coated with gold, and examined with a JEOL-6400 scanning electron microscope at an accelerating voltage of 20 kV. Images were acquired, processed with Adobe Photoshop and collated in Adobe Illustrator. For bristle phenotypes, newly eclosed adults were photographed using a Nikon digital camera attached to a Leica MZ16 stereomicroscope. Alternatively, nota were processed for SEM analysis as described for the eye. For quantitative analysis of the bristle phenotypes, crosses were established in triplicates, and newly eclosed adults were scored for bristle artifacts. In every case between 100 and 250 flies were scored.
Immunostaining and cell death analysis
Imaginal discs were isolated from late third instar larvae and processed as described (Kavler et al., 1999) with modifications. Discs were fixed in 4% paraformaldehyde in 1· phosphate buffered saline (PBS) for 15 min, and washed three times with PBS containing 0.1% Triton X-100 (PBS-TX). The discs were incubated for 12 h at 4°C in PBS-TX containing 5% normal goat serum and then immunostained. The following antibodies were used in this study: rabbit anti-Ato (gift of Yuh Nung Jan) at a dilution of 1:500 and guinea pig anti-Sens (gift of Hugo Bellen) at a dilution of 1:800. Secondary antibodies (Molecular Probes) were goat-anti rabbit-IgG coupled to Alexa Fluor 594 (1:800) and goat anti-guinea pig-IgG coupled to Alexa Flour 488 (1:800). Wing discs from late third instar larvae were processed similar to the eye discs. PNCs were identified using a monoclonal anti-Achaete at a dilution of 1:20 followed by goat-anti mouse-IgG coupled to Alexa Fluor 594 (1:800). The anti-Achaete antibody developed by Jim Skeath was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological Sciences, Iowa City, IA 52242. Discs were mounted in Vectashield. For apoptosis assays, eye discs were isolated from late third instar crawling larvae in Drosophila Ringers, and stained with 1mM Acridine Orange (Sigma) for 5 min. Discs were rinsed once in Ringers, and imaged without any further processing.
Confocal microscopy
An Olympus FluoView (FV1000) was used for confocal imaging. Images in Figs. 4 and 7 were generated from scans acquired every 1 lm along the apicobasal axis of the discs. The scanning was limited along the Z-axis to acquire full spectral output of the fluorophores. Fluorophores were excited using appropriate excitation wavelengths. Individual Z-axis images were acquired, compressed as a Z-stack, and exported as TIFF files that were processed in Adobe Photoshop and collated in Adobe Illustrator.
